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ABSTRACT: 3-Ga,0Os combines solar-blind spectral selectivity, intrinsic crystallographic anisotropy, and ultrawide-bandgap robustness,
making it a distinctive platform for ultraviolet polarization photodetection. This review examines how microscopic anisotropy is translated
into usable polarization information across the material-device-system hierarchy. We first distinguish anisotropic optical absorption, the
monoclinic dielectric tensor, excitonic effects, and direction-dependent carrier transport, emphasizing that these mechanisms are related
but not interchangeable. We then assess substrate orientation, strain, doping/alloying, and structural engineering as routes to preserve,
reshape, amplify, or introduce polarization selectivity. At the device level, responsivity, detectivity, polarization ratio, response speed,
and operating bias are evaluated together with self-powered interface engineering and linear-polarimetric reconstruction, highlighting
performance trade-offs and the possibility that interfaces may preserve, amplify, or obscure intrinsic anisotropy. Representative proof-
of-concept demonstrations in optical communication, neuromorphic processing, physical unclonable functions, and wavelength-assisted
molecular sensing are critically assessed from a system-level perspective. We conclude that future progress depends on establishing
quantitative links among microscopic anisotropy, external modulation, interfaces, device readout, and polarization-information fidelity

rather than pursuing isolated record metrics.

1. INTRODUCTION

ighly sensitive and interference-resistant optical polariza-
tion detection is playing an increasingly critical role in
space communication [1-3], environmental monitoring [4—6],
intelligent imaging [7-10], and information security [11, 12].
Conventional visible-light polarization systems are suscepti-
ble to background noise and scattering interference, and under
complex channel conditions, both signal fidelity and detection
sensitivity can be substantially degraded [13]. These limita-
tions motivate the development of polarization-sensitive pho-
todetectors in which polarization information can be directly
transduced at the device level, while simultaneously maintain-
ing strong spectral selectivity and environmental robustness.
Such an approach places particular demands on the active ma-
terial, which must simultaneously provide polarization discrim-
ination, spectral selectivity, and stable photoconversion.
Against this background, gallium oxide (Ga,03) is a pro-
totypical ultrawide-bandgap oxide semiconductor. Its S-phase
possesses a bandgap of approximately 4.9 eV [14-17], a theo-
retical critical breakdown field as high as ~8 MV/cm [18-20],
excellent thermochemical stability [21-23], and compatibility
with cost-effective melt-growth techniques [24—26]. These at-
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tributes have established §-Ga,O; as an important material
platform for power electronics and solar-blind ultraviolet pho-
todetection [27]. For polarization-sensitive photodetection,
however, two characteristics are particularly consequential: its
ultrawide bandgap provides intrinsic solar-blind spectral selec-
tivity, whereas its low-symmetry crystal structure gives rise to
pronounced optical and electrical anisotropy. The solar-blind
spectral region (200—280 nm) corresponds to ultraviolet wave-
lengths that are strongly attenuated by atmospheric ozone, re-
sulting in an extremely low solar background at ground level
— a feature that enables high signal-to-noise ratio detection
without the need for complex optical filtering [108]. The sec-
ond characteristic originates from the monoclinic crystal struc-
ture of 5-Ga, 03 (space group C2/m) [28-31], whose low sym-
metry enables intrinsic polarization-resolved detection through
direction-dependent optical and electrical responses without
additional polarizing elements. The coexistence of solar-blind
spectral selectivity and intrinsic polarization discrimination
within a single semiconductor therefore defines a distinctive
functional niche for 3-Ga,0Os3, particularly for compact ultra-
violet polarimetric systems that seek to reduce reliance on ex-
ternal polarization optics [32, 33].

Recent representative advances in polarization-sensitive
photodetection have demonstrated the growing importance of
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FIGURE 1. Overview of representative modulation strategies and emerging application scenarios for polarization-sensitive 5-Ga,O3 optoelectronics.

this capability across diverse material platforms and device
architectures, including van der Waals heterojunction-based
unipolar barrier detectors [111], dispersion-assisted high-
dimensional photodetectors for simultaneous full-Stokes
polarization and broadband spectrum detection [110], and
tunable moiré sensors for spectro-polarimetric imaging [109].
These developments also underscore that [5-Ga,Oz is not
universally superior to other emerging polarization-sensitive
platforms. Rather, its particular significance lies in the com-
bination of intrinsic crystallographic anisotropy, solar-blind
spectral selectivity, and the robustness associated with an
ultrawide-bandgap oxide semiconductor.

Nevertheless, research on polarization-sensitive 5-Ga;0;
optoelectronics is expanding rapidly but still faces several fun-
damental and technological challenges. Despite substantial im-
provements in individual device metrics, the central challenge
of the field is no longer simply how to obtain a larger po-
larization ratio, but how to translate the intrinsic microscopic
anisotropy of 5-Ga, 03 into reproducible and controllable de-
vice responses that ultimately support reliable system-level po-
larization information. At the materials level, quantitative links
among crystal orientation, dielectric response, polarization-
dependent absorption, and carrier transport remain incomplete.
At the modulation level, substrate orientation, strain, doping,
and nanostructuring can alter the measured anisotropy, yet their
coupled mechanisms and practical performance limits are not
fully established. Atthe device level, interfaces and heterojunc-
tions introduce additional carrier separation, trapping, and con-
tact effects that may preserve, amplify, or partially obscure the
intrinsic anisotropic response. Finally, at the system level, high
polarization ratios measured in individual devices do not auto-
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matically guarantee accurate polarization reconstruction, array
uniformity, self-powered operation, or robust performance un-
der realistic operating conditions. Together, these challenges
indicate that the multiscale correlation between the microscopic
anisotropy of 5-Ga, O3 and its macroscopic device polarization
response has yet to be systematically established, leaving a crit-
ical gap between material-level anisotropy and practically us-
able polarization information.

The literature survey was conducted using the Web of
Science Core Collection with search terms including “S-
Ga,03”, “anisotropy”, and “polarization photodetector”,
primarily covering publications from January 2020 to April 8,
2026, along with earlier foundational studies. Represen-
tative works were selected to cover four key stages of the
anisotropy-to-information pathway established in this review:
the microscopic origin of anisotropy, external modulation
mechanisms, device- and interface-level polarization trans-
duction, and system-level information extraction. Particular
attention was given to studies that provide mechanistic insight
or enable meaningful comparison across these stages, while
reported performance metrics were evaluated in the context
of their measurement conditions rather than on record values
alone.

Accordingly, this review examines 3-Ga, O3 polarization op-
toelectronics from an anisotropy-to-information perspective,
organizing materials physics, modulation strategies, device
architectures, and applications as successive stages through
which intrinsic anisotropy is translated into usable polarization
information. We begin with the crystal structure and plane se-
lection, critically examining the anisotropic optical constants
and dielectric tensor characteristics of different crystal phases
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and planes, and analyzing the polarization-dependent carrier
transport behavior to establish the microscopic origin of polar-
ization discrimination in 8-Ga,O3;. Subsequently, we assess
how external perturbations tune, enhance, or potentially com-
promise the polarization response of 3-Ga,Os by focusing on
four mainstream modulation strategies: substrate orientation,
mechanical strain, doping/alloying, and micro-/nanostructure
engineering. On this basis, we evaluate the translation of mate-
rial anisotropy into device performance by comparing key met-
rics including responsivity, detectivity, polarization ratio, re-
sponse speed, and operating bias, while paying particular at-
tention to self-powered operation, heterointerface engineering,
and array integration. In particular, heterojunction and contact
strategies are discussed in terms of whether they preserve, am-
plify, or obscure the intrinsic anisotropic response of 5-Ga,;Os.
Finally, we critically assess system-level demonstrations based
on (3-Ga,0j; polarization optoelectronic devices in emerging
fields such as encrypted communication, neuromorphic vision,
physical unclonable function anti-counterfeiting, and biosens-
ing, with emphasis on whether device-level polarization re-
sponses can be translated into reliable information under real-
istic operating conditions. A visual overview of the representa-
tive modulation strategies and emerging application scenarios
discussed in this review is provided in Fig. 1. We then identify
future research priorities based on the fundamental and techno-
logical gaps revealed across these stages. Through this frame-
work, we aim to identify where anisotropy is generated, tuned,
preserved, amplified, or lost across the material-device-system
hierarchy, thereby clarifying the key scientific questions and
design priorities required to move 3-Ga, 5 polarization opto-
electronics beyond isolated performance records toward reli-
able polarization-information technologies.

2. PHYSICAL FUNDAMENTALS OF POLARIZATION
PROPERTIES IN 3-Ga,0;

The polarization properties of 3-Ga,O3 originate primarily
from its low-symmetry monoclinic crystal structure, which
gives rise to direction-dependent electronic transitions, dielec-
tric response, and carrier transport. Crystal phase and facet
orientation determine how this intrinsic anisotropy is mani-
fested experimentally, whereas the dielectric tensor governs
polarization-dependent light propagation and absorption, and
anisotropic carrier transport influences the subsequent conver-
sion of photogenerated carriers into electrical signals. These
mechanisms are physically related through the underlying crys-
tal symmetry but should not be regarded as interchangeable
manifestations of polarization sensitivity. This section there-
fore establishes the material-level basis of the anisotropy-to-
information pathway from three complementary perspectives:
crystal phase and facet selection, optical constants and the di-
electric tensor, and direction-dependent carrier transport. Ex-
trinsic polarization selectivity introduced by artificial struc-
tures, such as subwavelength gratings, is treated separately in
Section 3 because its physical origin lies in electromagnetic
boundary conditions rather than in the intrinsic crystallographic
anisotropy of 3-Ga,Os.
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2.1. Crystal Phase and Facet Selection

Research on the polarization properties of Ga,O3; has pre-
dominantly focused on the thermodynamically stable 5-phase.
(5-Ga, 03 crystallizes in a monoclinic structure (space group
C2/m) with lattice constants a = 12.214 /OX, b = 3.03710%,
¢ = 5.798 A, and B = 103.83° [34-37]. Its unit cell contains
tetrahedrally and octahedrally coordinated Ga sites, and the
crystallographic b-axis coincides with the twofold symmetry
axis of the monoclinic lattice. This reduced symmetry removes
the equivalence among different crystallographic directions and
permits direction-dependent optical transitions, dielectric re-
sponses, and lattice-vibrational selection rules. At the elec-
tronic level, symmetry-dependent dipole-allowed transitions
from different valence bands to the conduction-band minimum
produce distinct dielectric responses for different polarization
directions; experimentally, this is reflected in polarization-
dependent absorption edges and optical bandgaps. At the vi-
brational level, the C2/m symmetry defines distinct A, and B,
Raman-active modes whose measured intensities depend on the
crystal orientation and polarization geometry [40]. Thus, facet-
dependent optical and Raman responses should be regarded as
experimentally accessible manifestations of the same underly-
ing low-symmetry lattice, while their magnitudes and selection
rules depend on the specific measurement geometry.

For clarity, the crystallographic, Cartesian, optical, and
device-direction conventions used throughout this review
are distinguished as follows. Crystallographic directions
are denoted by [uvw] and planes by (hkl) in the monoclinic
lattice with axes a, b, and c. Because the a and ¢ axes are
not orthogonal, they should not be treated as a Cartesian pair.
When tensor components are expressed in a Cartesian basis,
we adopt z//a, y//b, and z = x X y, following the convention
commonly used for the monoclinic dielectric tensor. The
dielectric principal axes are labeled as X, Y, and Z, where Y
coincides with the b-axis (the twofold symmetry axis), and X
and Z lie in the (010) plane and generally do not coincide with
fixed crystallographic axes; their orientations vary with photon
energy because of the dispersive off-diagonal dielectric-tensor
component. When discussing optical polarization, F denotes
the electric-field vector of incident light, with E//b and E//c in-
dicating polarization parallel to the respective crystallographic
axes. The light-propagation direction is specified explicitly
for each measurement geometry rather than being assumed to
coincide with a particular crystal axis. For device discussions,
the channel direction refers to the orientation of the current
path between electrodes. These conventions apply throughout
the following sections unless explicitly stated otherwise.

Mu etal. [34] systematically compared the polarized
transmittance spectra of three principal planes of 5-Ga,0s.
Among them, the (100) plane exhibited the most pronounced
polarization-dependent absorption-edge shift: the ultraviolet
cutoff edges for E//c and E//b were located at 276.1 nm
and 261.8 nm, corresponding to optical bandgaps of 4.48 eV
and 4.73 eV, respectively, yielding a bandgap difference as
large as 0.25eV. The transmittance intensity as a function
of the polarization angle was well described by the relation
T(¢) = Tem sin’ ¢ + Ty cos’ o, producing a characteristic
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FIGURE 2. Facet-dependent optical and Raman anisotropy of 8-Ga,Os. (a) Polarization-dependent optical bandgaps and angular transmittance of the
(100) 5-Gax O3 single crystal. The optical bandgaps for E//c and E//b are 4.48 and 4.73 eV, respectively, corresponding to a 0.25 eV polarization-
dependent splitting, while the transmittance at 275 nm exhibits a characteristic two-lobed angular response [34]. Copyright 202, Elsevier. (b)
Angle-resolved polarized Raman intensity patterns of the (101)- and (001)-oriented 5-Ga,O; crystals, showing four-lobed (7/2-periodic) and two-
lobed (7-periodic) responses, respectively [39]. Copyright 2023, American Chemical Society. Together, these results illustrate that crystal-facet
orientation strongly influences both the magnitude and angular form of the experimentally observed optical and vibrational anisotropy in 5-Ga,;Os.

dumbbell-shaped pattern in polar coordinates (Fig. 2(a)).
By comparison, the polarized cutoff edges of the (010) and
(001) planes showed much smaller separations, indicating
substantially weaker in-plane optical discrimination under
the corresponding measurement geometries. A different
situation was reported for epitaxial (201)-oriented 3-Ga,0;
films. Zhao etal. [38] determined the anisotropic optical
constants of a (201)-oriented 3-Ga,O; thin film by spectro-
scopic ellipsometry. Owing to the presence of six in-plane
rotational domains in the epitaxial film, the intrinsic biaxial
optical response was treated using an effective uniaxial model.
Its pseudo-ordinary component, associated with the b-axis,

34

and pseudo-extraordinary component, associated with the
ac plane, exhibited optical bandgaps of 4.92 + 0.02¢eV and
4.57 + 0.02¢eV, respectively, corresponding to a difference
of approximately 0.35eV. However, this 0.35eV separation
should not be directly ranked against the 0.25eV splitting
measured for the bulk (100) crystal, because the two values
arise from different sample forms, polarization geometries,
and optical models. Instead, the result demonstrates that
pronounced polarization-dependent optical response can be
retained in an epitaxial geometry compatible with thin-film
integration. Fu etal. [39] further compared the structural
anisotropy of the (101) and (001) planes from the viewpoint of
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TABLE 1. Comparison of representative facet-dependent optical, surface, and vibrational characteristics of 5-Ga,Os.

(100) (010) (001) (101) (201)
Parameters

plane plane plane plane plane

Unpolarized optical bandgap (eV) 4.70 4.55 4.70 4.70 4.94

Bandgap for E//c (eV) 4.48 ~4.55 ~4.70 - 4.57

Bandgap for E//b (eV) 4.73 ~4.55 ~4.70 - 4.92

Surface barrier height ®,,r (€V) 1.30 1.25 1.30 1.12 1.19
In-plane Raman intensity periodicity ~ 90° (7/2) - 180° (w) 90° (w/2) 180° ()

surface atomic configuration and contact characteristics. The
(101) plane is terminated by Ga or O atoms, and its surface
dangling bond density was calculated to be approximately
one to two times that of the (001) surface, depending on the
termination configuration. In angle-resolved polarized Raman
spectroscopy (ARPRS), the Raman intensity polar patterns of
the (101) plane displayed a four-lobed angular dependence
with a period of /2, whereas those of the (001) plane exhibited
a two-lobed response with a period of 7 (Fig. 2(b)). Because
both Ag and B; Raman-active modes are governed by the C2/m
Raman tensors, their measured angular dependence changes
with the projection of these tensors onto the polarization
geometry of each crystal plane. The contrasting four- and
two-lobed patterns therefore provide a direct experimental
signature of facet-dependent Raman anisotropy rather than
evidence for a universally superior crystal orientation.

Based on the comparative analysis in Table 1, no single -
Ga, 05 crystal orientation can be regarded as universally op-
timal for polarization-sensitive optoelectronics; instead, facet
selection involves application-dependent trade-offs among op-
tical anisotropy, surface electronic properties, contact forma-
tion, and integration geometry. The (100) plane offers a sig-
nificant polarization-dependent bandgap difference of 0.25 eV
between E//b and F//c, together with a pronounced angular
modulation of deep-ultraviolet transmittance, making it par-
ticularly favorable when strong intrinsic optical polarization
discrimination is the primary design objective (201) oriented
epitaxial film also exhibits a large pseudo-ordinary/pseudo-
extraordinary bandgap separation (~0.35eV); however, be-
cause this value is extracted using an effective uniaxial model
for a multidomain thin film, it should not be directly ranked
against the bulk-crystal values. Its main practical significance
lies in demonstrating that substantial optical anisotropy can be
retained in an epitaxial thin-film configuration. The (101) plane
features a higher surface dangling-bond density and a lower
measured surface barrier than the (001) plane, accompanied
by more favorable Ohmic-contact behavior; these character-
istics may benefit carrier extraction, although their impact on
polarization-resolved detector speed or sensitivity must be eval-
uated at the device level rather than inferred from surface prop-
erties alone. In contrast, the (010) and (001) planes exhibit rel-
atively weak in-plane optical polarization discrimination under
the measurement geometries compared here, while the (001)
plane exhibits distinct surface/contact characteristics and Ra-
man anisotropy that may be advantageous for other device re-
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quirements. Thus, crystal-facet selection should be guided by
the specific function to be optimized — optical polarization
contrast, interface/contact quality, epitaxial compatibility, or
device integration — rather than by a single anisotropy metric.

Beyond oriented single crystals, measurable polarization
sensitivity has also been demonstrated in polycrystalline S-
Ga,0; thin films. Liu etal. [41] fabricated a plasma-enhanced
chemical vapor deposition (PECVD)-grown polycrystalline -
Ga,0; photodetector and observed four-lobed angular pat-
terns in angle-resolved polarized Raman spectroscopy. Under
255 nm linearly polarized illumination, the device exhibited a
photocurrent polarization ratio of approximately 1.3. This re-
sult indicates that macroscopic polarization discrimination can
survive in a non-single-crystalline film; however, the relatively
modest polarization ratio and the presence of preferred crys-
tallographic orientations suggest that grain texture and orien-
tation distribution must be considered when interpreting the
measured anisotropy. Thus, polycrystalline 5-Ga,O; may of-
fer a more scalable route to polarization-sensitive devices, but
its anisotropy cannot be assumed to be equivalent to that of a
well-defined single-crystal facet.

Other Ga,03 polymorphs and related corundum-phase al-
loys further broaden the available anisotropy landscape, al-
though the maturity and interpretation of the available evidence
vary substantially. Earlier studies on rotationally twinned films
commonly described as £-Ga, O3 reported pseudo-ordinary and
pseudo-extraordinary optical bandgaps of 4.85 and 4.76 eV, re-
spectively [38]. More recent measurements on single-domain
orthorhombic «-Ga,0;3 resolved its intrinsic biaxial response
more explicitly, revealing fundamental interband transitions at
5.09eV for e5,, 4.82 and 5.75eV for €,,, and 5.43eV for
€,. [42]. The distinction between multidomain and single-
domain samples is important because rotational domains can
partially average the in-plane optical anisotropy, making di-
rect comparison of reported £/x-Ga, O3 anisotropy values in-
appropriate without considering domain structure and optical
modeling. In addition, m-plane a-(AlxGa;),0; epilayers
exhibit anisotropic surface growth, crystallographic character-
istics, and polarization-dependent optical transmission; opti-
cal anisotropy has been directly observed for a-Ga,03; and
low-Al-composition alloys [43]. These results demonstrate
that polarization-related anisotropy is not unique to 5-Ga;0s,
but device-level polarization discrimination in these alternative
phases remains far less established. They should therefore be
viewed as emerging comparative platforms rather than mature
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FIGURE 3. Dielectric-axis determination and polarization-dependent optical propagation in 5-Ga;Os. (a) Depth-dependent evolution of the linear-
polarization azimuth and ellipticity for light propagating in the a-c (010) plane. The polarization progressively approaches the least absorbing
X ,-exciton direction (~20°-25° from the a-axis), while birefringence introduces a transient ellipticity during propagation [47]. Copyright 2024,
AIP Publishing. (b) Geometrical definition of the crystallographic axes, principal dielectric axes (X and Z), transition-dipole moment, and an-
alyzer polarization, together with the polarization-dependent O-D vibrational absorption used to determine the dielectric-axis orientation in the
near-infrared [50]. Copyright 202, AIP Publishing. (c) Polarized THz transmission spectra for E//a*, E//c, and E//b, where the distinct Fabry-Perot
fringe spacings reveal the anisotropic quasi-static dielectric response [51]. Copyright 202, AIP Publishing. Together, these results illustrate how
the monoclinic dielectric anisotropy of 5-Ga, O3 governs both the orientation of its principal dielectric axes and the evolution of polarization during

propagation across different spectral regimes.

alternatives to -Ga, O3 for polarization-sensitive photodetec-
tion.

2.2. Optical Constants, Dielectric Tensor, and Anisotropic
Propagation

The low symmetry of [-Ga,O; dictates that its optical
anisotropy must be described by the full dielectric function
tensor rather than by a scalar dielectric constant or a simple
uniaxial model [44,45]. In the Cartesian coordinate system
defined in Section 2.1, the monoclinic symmetry constrains
the complex dielectric tensor to

€z 0 €
€= 0 &4 O (1)
€zz 0 €

which contains four independent complex-valued components.
The off-diagonal term €, is a direct consequence of the mono-

36

clinic symmetry and couples the optical response within the x-z
plane. Importantly, the diagonal and oft-diagonal components
exhibit different spectral dispersions, so the dielectric princi-
pal axes in this plane are not fixed to the crystallographic axes
but rotate with photon energy. Although ¢, is small in the
transparent region, it becomes appreciable near and above the
absorption edge, where its influence on polarization-dependent
absorption and propagation can no longer be neglected. Thus,
the optical anisotropy of 3-Ga,0j3 is not adequately character-
ized by comparing refractive indices or absorption coefficients
along a few fixed crystal directions alone; its polarization re-
sponse must instead be interpreted within the full, frequency-
dependent dielectric-tensor framework.

To experimentally determine the orientation of the dielectric
principal axes at a specific photon energy, Portoff etal. [50]
used the polarization-dependent infrared absorption of the
VGa(1)-2D defect as an independent probe. Using the O-D
stretching vibration at 2546 cm™! the absorbance was mea-
sured as a function of analyzer angle for light propagating along
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TABLE 2. Representative optical constants and dielectric parameters of 3-Ga, O3 along selected directions in different spectral regimes.

Parameter a-axis b-axis c-axis
High-frequency dielectric constant €., 3.46 3.60 = 0.06 3.54 +£0.02
Quasi-static dielectric constant €, (THz) ~ 10.19 + 0.03 10.60 £0.03  12.27 £ 0.06

Terahertz refractive index n 3.165 £0.005 3.231 £ 0.005 ~3.6
Visible-NIR refractive index n ~1.86 1.96 £ 0.02 1.95+£0.02

[010]. The maximum absorbance occurred when the analyzer
direction was 22° £ 3° from [102], identifying the X principal
dielectric axis at this frequency; equivalently, the Z axis was
oriented at —18° £ 3° relative to [100] (Fig. 3(b)). Through
dichroic ratio analysis, the transition dipole moment of the O-D
vibration was further found to be oriented at 15° £ 4° relative
to [102], consistent with the corresponding density functional
theory (DFT) predictions [50]. Importantly, these angles
characterize the dielectric-axis orientation near 2546 cm~! and
should not be interpreted as frequency-independent crystallo-
graphic directions, because the X and Z dielectric axes rotate
within the (010) plane as the dielectric tensor disperses with
photon energy [44,50]. Thus, Fig. 3(b) provides an experi-
mental illustration of the distinction between crystallographic
axes, dielectric principal axes, and transition-dipole directions
that is essential for interpreting polarization-dependent optical
measurements in monoclinic 5-Ga,Os.

The magnitude and even the sign of the dielectric anisotropy
vary substantially across the optical-to-terahertz spec-
trum. Unuma etal. [49] demonstrated this evolution using
polarization-resolved transmission spectroscopy on an undoped
(100) B-Gay 05 single crystal. In the visible and near-infrared
regions, the crystal remains highly transparent and exhibits
only weak birefringence, with n, — ny —0.01. As the
photon frequency decreases into the mid- and far-infrared,
pronounced polarization-dependent stopbands emerge in the
154-800cm ™' range, consistent with Reststrahlen bands
associated with anisotropic optical-phonon resonances. On the
low-frequency side of these resonances, the refractive indices
increase substantially; near 1 terahertz (THz), n, =~ 3.3 and
n. ~ 3.6, yielding n. —ny ~ 0.3. Thus, the THz birefringence
is approximately 30 times larger than its visiblenear-infrared
value and has the opposite sign [49]. This spectral evolution
indicates that the observed anisotropy changes not only in
magnitude but also in physical origin: electronic contributions
dominate the weak high-frequency birefringence, whereas the
off-resonant response of anisotropic optical phonons strongly
enhances the low-frequency dielectric response.

The low-frequency limit was quantified more directly by
Gopalan etal. [51] using polarization-resolved THz transmis-
sion and generalized spectroscopic ellipsometry. In the mea-
sured THz range, no appreciable dispersion of the real per-
mittivity was observed, allowing the response to be treated
as quasi-static. The principal dielectric directions were found
to lie very close to (a), b, and ¢, with THz-GSE permittiv-
ities of approximately €, = 10.19, ¢, = 10.6, and ¢, =
12.27 [51]. The polarized transmission spectra in Fig. 3(c)

~
~
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show distinct Fabry-Perot fringe spacings for E//a*, E//c, and
E//b, providing a direct experimental visualization of this low-
frequency dielectric anisotropy. Together with the frequency-
dependent dielectric-axis orientation discussed above, these
measurements show that both the magnitude and the relevant
principal directions of the dielectric response must be specified
when modeling polarization-dependent electromagnetic propa-
gation in 3-Ga,03. Representative dielectric constants and re-
fractive indices obtained across different spectral regimes are
summarized in Table 2, providing a quantitative reference for
connecting the frequency-dependent dielectric response to op-
tical propagation and device-level electromagnetic modeling.
Because the dielectric principal axes of monoclinic 8-Ga,0;
are generally frequency dependent, the tabulated parameters
should be interpreted together with their corresponding spec-
tral range and directional definitions rather than as a single
frequency-independent dielectric description.

Near the absorption edge, the tensorial optical response man-
ifests directly as a depth-dependent evolution of the polariza-
tion state. Adnan etal. [47] showed that this behavior results
from the combined effects of linear dichroism and bireftrin-
gence. Linear dichroism preferentially attenuates the electric-
field component along the more strongly absorbing direction,
progressively shifting the orientation of the remaining linear
polarization toward the least absorbing excitonic transition.
Birefringence, in contrast, introduces a relative phase delay be-
tween the polarization components and therefore generates el-
lipticity during propagation [47, 48]. In the a-c (010) plane, the
polarization azimuth v evolves toward approximately 20°-25°
from the a-axis as the propagation depth approaches ~10 pm,
closely matching the transition-dipole direction of the X, ex-
citon (~25.2°) and identifying it as the least absorbing direc-
tion over the relevant near-edge energy range (Fig. 3(a)). At
the same time, the ellipticity parameter x departs from zero af-
ter light enters the crystal because of birefringence; for photon
energies around 4.8-5.0 eV, y becomes small again at larger
depths, so the transmitted field approaches a predominantly lin-
ear state oriented near the X, direction. Thus, Fig. 3(a) demon-
strates that polarization-dependent absorption in 5-Ga,Os can-
not be regarded as a fixed surface response: the polarization
state itself evolves with propagation depth through the coupled
action of excitonic dichroism and birefringence.

The depth-dependent evolution of the polarization state has
a direct consequence for optical-absorption modeling. By solv-
ing the full electromagnetic wave equation using the mea-
sured complex dielectric tensor, Adnan etal. [46] showed that
the conventional Beer-Lambert law is not generally valid near
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the absorption edge of monoclinic 5-Ga,0O3. In the energy
ranges of approximately 4.65-5.2 eV for the (010) plane and
4.9-5.8 ¢V for the (001) plane, the photon-flux decay requires
two effective exponential components rather than a single ab-
sorption coefficient. An anisotropic Beer-Lambert descrip-
tion was therefore introduced: the photon flux initially decays
with an effective coefficient a until a polarization- and energy-
dependent critical depth z. is reached, beyond which the co-
efficient approaches a*, corresponding to the least absorbing
polarization direction [46,47].

This behavior originates from the coupled effects of linear
dichroism and birefringence discussed above. Dichroism pro-
gressively drives the surviving polarization toward the least ab-
sorbing excitonic direction, while birefringence introduces a
depth-dependent ellipticity; z. is closely associated with this
polarization-state evolution [47]. At photon energies suffi-
ciently above the absorption edge (> 5.2eV for the (010)
plane and > 5.8¢eV for the (001) plane), a single effective
absorption coefficient again provides a reasonable approxima-
tion [46]. Because the local photocarrier-generation rate de-
pends on the depth-dependent photon flux, this anisotropic ab-
sorption behavior provides an important link between intrinsic
optical anisotropy and polarization-dependent device response.

While crystal symmetry and dielectric anisotropy govern the
polarization-dependent absorption and propagation of light, the
conversion of these optical differences into measurable electri-
cal signals further depends on the direction-dependent transport
of photogenerated carriers, as discussed in Section 2.3.

2.3. Crystallographic Anisotropy of Carrier Transport

In contrast to the pronounced optical anisotropy, the intrinsic
electron-transport anisotropy of $-Ga,O; is relatively weak.
Early measurements reported large directional differences in
Hall mobility [52], but subsequent studies showed that such
variations can be strongly affected by structural defects and
growth-related factors [53,56]. First-principles calculations
yielded room-temperature intrinsic electron drift mobilities of
129, 146, and 144cm?V~—'s~! along the z, y, and z direc-
tions, respectively, with an anisotropy below 15%, consis-
tent with the nearly isotropic electron effective mass (m* ~
0.28my) [54,55]. Moreover, acoustic-phonon scattering con-
tributes appreciably to intrinsic electron transport; neglecting it
and considering only polar optical phonon scattering can over-
estimate the room-temperature mobility by approximately 1.7—
2.3 times [54].

A different picture emerges for nonequilibrium photoex-
cited carriers. Jiang etal. [58] analyzed the three-dimensional
momentum, group-velocity, relaxation-time, and mean-free-
path distributions in 3-Ga;Os3. Although the initial group-
velocity distributions of both electrons and holes are concen-
trated mainly along [010], their optimal transport directions
differ: electrons preferentially transport near [100], whereas
holes retain an optimal direction along [010]. The longer re-
laxation times and mean free paths of holes further indicate
more favorable ballistic transport than for electrons near the
band edge. These results show that anisotropy in photoexcited-
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carrier transport can be considerably stronger than that inferred
from equilibrium electron mobility alone.

These results highlight an important distinction between op-
tical and transport anisotropy in (3-Ga,0s3;. The relatively
weak intrinsic electron-mobility anisotropy indicates that a
large polarization-dependent photocurrent should not automat-
ically be attributed to direction-dependent electrical transport;
anisotropic optical absorption can instead constitute a dominant
contribution to the measured polarization response. Neverthe-
less, the direction-dependent transport of photoexcited carri-
ers can influence their subsequent collection, particularly in
nanoscale active regions. Thus, crystal and channel orienta-
tions should be considered together when translating intrinsic
optical anisotropy into an electrical polarization signal.

3. MODULATION STRATEGIES FOR POLARIZATION
PERFORMANCE

While the intrinsic anisotropy of 5-Ga, 03 is fixed by its mon-
oclinic crystal symmetry, its experimentally accessible polar-
ization response can be substantially modified by external en-
gineering. Importantly, these strategies act through different
physical pathways: substrate orientation controls whether in-
trinsic anisotropy is preserved or averaged during heteroepi-
taxy, strain and chemical modification perturb the underlying
electronic and lattice responses, whereas micro-/nanostructures
can further reshape light-matter interaction or introduce extrin-
sic polarization selectivity. Accordingly, this section discusses
four representative modulation strategies: substrate and orien-
tation engineering, strain engineering, doping and alloying, and
structural engineering.

3.1. Substrate Engineering and Orientation Control

Substrate engineering modulates the observable anisotropy of
heteroepitaxial 8-Ga,Os primarily by controlling epitaxial ori-
entation and rotational-domain populations. High-symmetry
substrate surfaces can promote multiple rotational vari-
ants that partially average the intrinsic in-plane anisotropy,
whereas lower-symmetry orientation relationships can reduce
this rotational degeneracy and preserve a net anisotropic
response [35,59]. In addition, substrate-dependent lattice
mismatch influences anisotropic strain relaxation and defect
formation [60]. Thus, substrate selection affects polarization
sensitivity through the coupled control of crystal orientation,
domain distribution, and crystalline quality.

Zhang etal. [35] demonstrated that substrate orientation can
preserve or suppress the intrinsic in-plane anisotropy of het-
eroepitaxial 3-Gap,O3 by controlling its crystallographic ori-
entation and rotational-domain population. Pole-figure anal-
ysis showed that the film grown on c-plane sapphire forms
six rotational variants, whereas growth on r-plane sapphire re-
duces the rotational degeneracy to four variants because of the
different substrate symmetry and interfacial atomic arrange-
ment (Fig. 4(a)). The resulting r-plane-sapphire-grown film ex-
hibits pronounced anisotropic absorption and a polarization ra-
tio of 6.02 under 254 nm illumination, whereas the correspond-
ing c-plane-sapphire-grown film is nearly polarization insensi-
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FIGURE 4. Substrate-controlled crystallographic orientation, optical anisotropy, and photoresponse of heteroepitaxial 5-Ga,Os3 films. (a) Pole figures,
interplanar-angle geometry, and interfacial atomic arrangements of -Ga, O3 films grown on c-plane and r-plane sapphire, illustrating the substrate-
dependent rotational-domain configurations [35]. Reproduced with permission under the terms of the Creative Commons CC BY 4.0 license. (b)
R,/Rs polar plots at 210 nm for 3-Ga,O;3 films on c-cut and r-cut sapphire, showing nearly isotropic and pronounced two-lobed optical responses,
respectively [59]. Reproduced with permission under the terms of the Creative Commons CC BY 4.0 license. (c) Time-dependent photoresponses of
3-Ga, 03 photodetectors grown on r-plane and c-plane sapphire, revealing the slower response dynamics of the mixed-orientation r-plane film [61].
Copyright 2020, Elsevier. Together, these results demonstrate that substrate engineering simultaneously regulates domain orientation, macroscopic

optical anisotropy, and defect-limited carrier dynamics.

tive. Ho etal. [59] independently observed the similar macro-
scopic contrast in pulsed laser deposition (PLD)-grown films:
the R,/R polar plot at 210nm is nearly circular for the c-cut
sample but exhibits a distinct two-lobed pattern for the r-cut
sample (Fig. 4(b)). Their structural analysis further associated
the r-cut anisotropy with tilted 8-Ga, O3 grain orientations rela-
tive to the sapphire surface, indicating that substrate-controlled
anisotropy can arise through growth-dependent epitaxial con-
figurations rather than a single universal domain arrangement.

Substrate choice also influences anisotropy through
direction-dependent lattice mismatch and defect formation.
Ma etal. [60] compared (201)-oriented $-Ga,O; films grown
on c-plane GaN and sapphire. Although both heteroepitaxial
films exhibited six-fold rotational domains, the rocking-curve
broadening on GaN showed a clear six-fold anisotropy, with
maxima along [010] and minima along [102], whereas that
on sapphire was nearly isotropic. This difference was at-
tributed primarily to the stronger directional contrast in lattice
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mismatch for GaN (4.67% along [010] and approximately
0% along [102]) than for sapphire (1.62% and —3.12%,
respectively), resulting in different strain-relaxation and defect
distributions. At the device level, Liu etal. [61] reported that
(5-Ga, 03 films grown on r-plane sapphire, containing mixed
(100)- and (001)-oriented grains, achieved a responsivity of
~170 A/W and a detectivity of 1.3 x 10'4 Jones, compared
with ~91.9 A/W and 7.2 x 10'3 Jones for the (201)-oriented
films on c-plane sapphire. However, the mixed-orientation
films exhibited a slower photoresponse (Fig. 4(c)), which was
attributed to additional trapping and recombination centers
introduced by the associated grain boundaries. These results
reveal a substrate-engineering trade-off between enhanced
photoresponse and defect-limited response speed. Overall,
substrate engineering should therefore be regarded not simply
as a means of maximizing polarization anisotropy, but as a
strategy for balancing orientation and domain control against
mismatch-induced defects and carrier-response dynamics.
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FIGURE 5. Strain-induced lattice distortion and carrier-transport modulation in 5-Ga;03. (a) XRD patterns, optical images, Raman spectra, and
enlarged Raman peaks of flexible 5-Ga, 03 (100) single-crystal microstrips in the flat and bending states, showing bending-induced lattice distortion
and modified lattice vibration [62]. Copyright 2022, Elsevier. (b) Calculated strain-dependent hole mobilities along the z- and y-directions and the
corresponding mobility anisotropy of Mg-doped 2D -Ga,03 [65]. Copyright 2025, American Chemical Society. In the original panel (b), mobility
anisotropy is expressed as (i, -(ta, Whereas p,/11, is adopted throughout this review for consistent cross-study comparison.

3.2. Strain Engineering

Mechanical strain provides an external means of tuning the
anisotropic properties of [3-Ga,03; by perturbing its lattice
structure and consequently modifying its optical and carrier-
transport responses. Experiments on [3-Ga,0O3 single-crystal
flakes show that compressive and tensile strains can affect
polarization-dependent absorption differently, with compres-
sive strain producing a stronger enhancement of the absorp-
tion anisotropy near the solar-blind detection wavelength [63].
In low-dimensional doped B-Ga,0s, first-principles calcula-
tions further show that strain modifies the band structure, de-
formation potentials, effective masses, and consequently the
anisotropic carrier mobility [64,65]. Thus, strain engineer-
ing can influence polarization-related performance through two
distinct channels: modulation of anisotropic optical absorption
and modification of direction-dependent carrier transport.

A direct demonstration of strain-modulated polarization sen-
sitivity was reported by Zhang etal. [63] using a mechanically
exfoliated $-Ga, O3 single-crystal flake. Under 0.7% compres-
sive strain, the photocurrent under £ _Lb increased by a factor
of 2.50 relative to the flat state, whereas that under E//b in-
creased by only 1.34, increasing the polarization ratio from 49
to 100. In contrast, 0.7% tensile strain enhanced the photocur-
rent by similar proportions for the two orthogonal polarizations

40

and produced little change in the polarization ratio. DFT calcu-
lations attributed this asymmetric response to the substantially
increased absorption-coefficient ratio ./ a;, near 254 nm under
compressive strain.

The influence of bending-induced strain on device response
was further investigated by Yan etal. [62] using flexible
5-Ga, 03 (100) single-crystal microstrips. Upon bending, the
XRD pattern evolved from sharp single-crystal diffraction
spots into a diffraction ring, while the Raman peaks exhibited
changes in intensity, redshift, and broadening, confirming
bending-induced lattice distortion and modified lattice vi-
bration (Fig. 5(a)). As the bending radius decreased, both
the photocurrent and dark current increased, with the largest
variation observed for the device channel aligned with the
bending direction. The enhanced photocurrent was associated
with strain-modified photoabsorption and carrier generation,
whereas the increased dark current and slower response were
mainly related to bending-induced defects.

First-principles calculations further demonstrate that strain
can strongly reshape anisotropic carrier transport in doped
two-dimensional (3-Ga,0O3;. For Ca-doped 2D (-Ga,0s3,
Zeng etal. [64] found that the hole mobility along the y-
direction increased from 246.62 cm?V~!s~! in the unstrained
state to 568.48 cm?>V~!s~! under 4% tensile strain. Using
the consistent mobility-ratio definition adopted in this review,
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Reproduced with permission under the terms of the Creative Commons CC BY 4.0 license. Together, these results show that chemical modification
can selectively reshape different forms of anisotropy rather than uniformly enhancing the overall anisotropic response.

fy/ iz decreases from approximately 1.23 x 10* to 2.15 x 10,
indicating that enhancement of the absolute mobility does not
necessarily preserve strong transport anisotropy. In Mg-doped
2D (-Ga,03, compressive strain instead strongly favors y-
direction transport, with 1, reaching 630.69 cm*V~1s~! under
—8% strain while the direct-bandgap character is retained
(Fig. 5(b)) [65]. These results illustrate that the magnitude
and anisotropy of carrier mobility can respond differently to
strain, depending on the dopant and strain state. Overall, strain
engineering provides a versatile route for tuning both optical
absorption anisotropy and direction-dependent carrier transport
in 3-Ga, 03, although enhancement of one anisotropic property
does not necessarily lead to simultaneous improvement of the
others.

3.3. Doping and Alloying

Doping and alloying can modify the anisotropic response of /3-
Ga, 03 through several physically distinct pathways rather than
through a single universal mechanism. Dopant incorporation
can alter carrier scattering and localization, free-carrier concen-
tration and dielectric screening, as well as electronphonon and
excitonic interactions, whereas alloying additionally perturbs
the lattice and vibrational anisotropy. These effects may en-
hance, suppress, or redistribute different forms of anisotropy
depending on the dopant species, carrier concentration, crys-
tallographic direction, and alloy composition. The follow-
ing discussion therefore distinguishes transport-related effects

41

from optical/excitonic modulation and alloy-induced lattice re-
sponses.

Dopant incorporation can also interact with the pre-existing
crystallographic anisotropy, as illustrated by the distinct Raman
responses and etch-pit morphologies observed on the (100) and
(001) surfaces of V-doped 3-Ga, 03 [66]. More directly, dop-
ing can substantially reshape direction-dependent carrier trans-
port. Wang etal. [57] found that unintentionally doped quasi-
2D 3-Ga,0; exhibits only weak in-plane mobility anisotropy
(tmax/ Pomin = 1.4), whereas Si-doped flakes show a conductiv-
ity ratio of approximately 5.7 and a photoresponsivity ratio of
5.1 between the c- and b-axis directions. The authors associated
this enhanced anisotropy with extrinsic effects related to dop-
ing and carrier localization, while noting that its microscopic
origin remains unresolved. Consistently, THz measurements
by Wang etal. [67] revealed qualitatively different carrier dy-
namics along the a- and c-axes of (010) 8-Ga,0;: the a-axis
response follows a Drude model, whereas the c-axis requires a
Drude-Smith description, indicating much stronger carrier lo-
calization along c. In Fe-doped crystals, the a-axis mobility is
further enhanced by the low carrier density and reduced phonon
scattering.

Doping also modifies the anisotropic optical response by
changing free-carrier populations and the associated screening
and scattering environment. Cheng etal. [68] compared
Sn-doped, unintentionally doped, and Fe-doped (-Ga,03
and found that the temperature-induced bandgap reduction
is consistently larger for E//c than for E//b (Fig. 6(a)). The
extracted electronphonon coupling parameter S follows the
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same directional trend for all three samples, with values of
1.37/1.23, 1.36/1.22, and 1.41/1.33 meVK~! for E//c/E//b in
the Sn-doped, unintentionally doped, and Fe-doped crystals,
respectively. Because the larger 5 for E//c produces a stronger
temperature-dependent band-edge renormalization than for
E//b, the relative absorption coefficients for the two polariza-
tions can vary near the absorption edge. However, Ref. [68]
does not provide polarization-resolved device measurements
that establish a corresponding change in photocurrent PR, and
the electronphonon result should therefore be interpreted as
an optical-anisotropy mechanism rather than direct evidence
of device-level PR tuning. This comparison indicates that
the crystallographic anisotropy of electronphonon coupling is
retained across different doping conditions, while the dopant-
dependent changes in its magnitude are comparatively modest.
In contrast, the excitonic response is strongly influenced by
carrier screening: exciton-polariton features are most evident
in the semi-insulating Fe-doped crystal, become weaker in the
unintentionally doped sample, and are not visibly resolved
in the highly conductive Sn-doped crystal because increased
free-carrier screening suppresses effective exciton formation.
Polarized photoluminescence measurements further show that
doping can modify direction-selective radiative recombina-
tion without producing a universal enhancement of optical
anisotropy. Cooke etal. [70] found that unintentionally doped
and Sn-doped (-Ga,Os3 retain similar polarized emission
characteristics, with emission generally strongest along ¢ (or
¢*) and weakest along b, while Sn incorporation primarily
quenches the overall PL intensity rather than fundamentally
changing the emission spectrum. Fe-doped crystals exhibit
qualitatively different behavior because Fe-induced semi-
insulating conditions enable red emission from unintentionally
incorporated Cr>* centers, leading to polarization characteris-
tics distinct from those of the band- and defect-related UV/blue
emission. These results demonstrate that dopant effects on
optical anisotropy depend on whether the relevant process is
band-edge absorption, carrier screening, or defect-mediated
radiative recombination.

In the area of alloying modulation, Li etal. [69] employed
a spatial correlation model and angle-resolved polarized
Raman spectroscopy to systematically study the anisotropy
of 8-(AlyGa;),0; single crystals with x up to 0.26. With
increasing Al content, the Raman tensor anisotropy of the
low-frequency Aé and Ag modes is enhanced, whereas that of
the high-frequency A};O mode is weakened, demonstrating a
mode-dependent redistribution rather than a uniform enhance-
ment of vibrational anisotropy (Fig. 6(b)). The contrasting
trends were associated with the different lattice-vibration
characteristics and bond-polarizability responses of the low-
and high-frequency phonon modes. Thus, alloying should
be regarded as a means of selectively reshaping specific
anisotropic lattice responses rather than simply increasing the
overall anisotropy of 3-Ga,03. Overall, doping and alloying
should be viewed as mechanism-selective tuning strategies
rather than universal anisotropy enhancers, because carrier
transport, excitonic screening, radiative recombination, and
lattice-vibrational anisotropy need not evolve in the same
direction.
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3.4. Structural Engineering

Structural engineering can modify the polarization response
of 5-Ga, 03 through mechanisms that should be distinguished
from its intrinsic crystallographic anisotropy. In single-
crystalline (3-Ga,O3 nanostructures, the monoclinic-lattice
dichroism can be retained while the device geometry intro-
duces additional polarization-dependent field confinement
or morphology-related effects [72]. Periodic patterning of
the 5-Ga,0; active layer can further reshape both optical
absorption and interfacial band structure [71]. By contrast,
external subwavelength metal gratings introduce polarization
selectivity through anisotropic electromagnetic boundary
conditions and resonant transmission, and can therefore
generate polarization sensitivity even when the underlying
semiconductor is isotropic [73,74]. When such gratings are
coupled to an anisotropic dielectric, the resulting resonances
can additionally depend on specific components of the di-
electric tensor [75]. Accordingly, the following discussion
separates crystal-anisotropy-assisted 3-Ga,O3; nanostructures
from externally imposed grating-based polarization filtering.

As arepresentative case in which crystallographic anisotropy
remains the dominant mechanism, Chen etal. [72] reported
a solar-blind ultraviolet polarization-sensitive photodetector
based on CVD-grown [3-Ga,;O3 nanobelts. DFT calculations
revealed that the polarization-dependent optical transitions pro-
duce substantially different absorption along the two princi-
pal nanobelt directions. The calculated absorption coefficient
at 254 nm along the [202] direction is ~6.5 times larger than
that along the [020] direction, reflecting the strong intrinsic
dichroism of monoclinic 5-Ga,0O3. The long and short axes of
the nanobelt correspond to the [202] and [020] directions, re-
spectively. The metal-semiconductor-metal (MSM) photode-
tector fabricated from these nanobelts exhibited pronounced
polarization-dependent photocurrent and response dynamics
under 254 nm illumination (Fig. 7(b)). Using the I1ax/Imin defi-
nition adopted in this review, its reported anisotropy parameter
corresponds to a polarization ratio of approximately 49. Im-
portantly, FDTD simulations yielded only a small morphology-
induced anisotropy (~0.13), indicating that the polarization
response is dominated by intrinsic dichroism rather than by
the one-dimensional geometry, although both mechanisms can
contribute.

Beyond simply retaining the intrinsic dichroism, periodic
patterning of the 5-Ga,0; active layer can actively reshape
both its optical and electrical response. Wang etal. [71]
reported a solar-blind photodetector based on a [-Ga,0O;
nanograting structure that combines photonic and band engi-
neering. Technology computer-aided design (TCAD) analysis
attributed the suppressed dark current to nanograting-induced
surface-state-related band bending and strengthened depletion
at the Ti/$-Ga,0; interface, whereas optical simulations
and measurements showed enhanced absorption arising from
reduced reflection and transmission, light trapping, and
intensified local fields (Fig. 7(a)). The optimized NG-P300
device achieves a responsivity of 174.8 A/W and a specific
detectivity of 1.7 x 10'* Jones, while reducing the dark current
to 1.8 x 1074 A. Using Iiax/Imin consistently, the polarization
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FIGURE 7. Structural modulation of polarization-sensitive 3-Ga,Os photodetectors. (a) S-Ga,O3; nanograting device architecture, polarization-

dependent simulated absorbance, electrical characteristics, interfacial band modulation, and experimental UV absorption, illustrating the coupled
optical and electronic effects introduced by periodic patterning [71]. Reproduced with permission under the terms of the Creative Commons CC
BY 4.0 license. (b) Flexible single-crystalline 5-Ga,O3; nanobelt photodetector and its power-, polarization-, and time-dependent photoresponse,
demonstrating polarization discrimination dominated by intrinsic crystallographic dichroism [72]. Reproduced with permission under the terms of

the Creative Commons CC BY 4.0 license. (c) $-Ga;O3; nanobelt and ZnO photodetectors with and without subwavelength metal grids, showing
that externally imposed grating anisotropy can both enhance an intrinsically anisotropic 5-Ga;Os response and generate polarization sensitivity in
an initially isotropic ZnO device [74]. Copyright 2021, Elsevier. Together, these results illustrate that structural engineering can preserve, reshape,
amplify, or create polarization selectivity through physically distinct mechanisms.

ratio increases from approximately 1.4 for the planar device
to 5.7 after nanograting patterning. Thus, unlike the nanobelt
case in which intrinsic dichroism dominates, the nanograting
response reflects the coupled influence of the 5-Ga,O3; ma-
terial anisotropy, geometry-induced optical anisotropy, and
interfacial band modulation.

Beyond patterning the (5-Ga,QO; active layer itself, exter-
nal subwavelength metal gratings can impose an additional
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polarization-selective optical response that is independent of
crystallographic dichroism. Zhang etal. [73] integrated sub-
wavelength gold gratings with amorphous Ga,Os thin films
to construct a deep-ultraviolet polarization detector. Although
amorphous Ga;0s3 is intrinsically isotropic, the grating pro-
duces strongly polarization-dependent transmission: according
to effective medium theory (EMT) and finite-difference time-
domain (FDTD) calculations, the component polarized parallel
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to the grating lines (0°) is predominantly reflected, whereas the
orthogonal component (90°) is preferentially transmitted. Un-
der 254 nm illumination, an extinction ratio as high as 21.49 is
achieved between 90° and 0° polarized light, and FDTD sim-
ulations further confirm that the transmittance of the former is
approximately 2.22 times that of the latter. This result provides
a clear control case showing that structural anisotropy alone
can generate polarization sensitivity in an otherwise isotropic
active material. Zhang etal. [74] further combined this extrin-
sic filtering mechanism with the intrinsic anisotropy of single-
crystalline 3-Ga,03; nanobelts by integrating subwavelength
metal gratings with 3-Ga; 03 nanobelts and ZnO thin films. For
[B-Ga, 03 nanobelts, the polarization ratio of the pristine device
is 7.5, which is increased to 49 after grating integration; for the
originally isotropic ZnO thin film, a polarization ratio of 26 is
also obtained after grating integration (Fig. 7(c)). FDTD simu-
lations indicate that the metal grids preferentially attenuate the
polarization component parallel to the ridges while facilitating
transmission of the orthogonal component through surface plas-
mon polariton (SPP)-associated field coupling. Thus, Ref. [73]
demonstrates polarization selectivity created entirely by an arti-
ficial grating, whereas Ref. [74] shows that the same structural
mechanism can be superimposed on intrinsic 5-Ga,0; dichro-
ism to further amplify the device-level polarization contrast.

From a different perspective, Jia etal. [75] examined the
THz response of metallic gratings on anisotropic dielectric sub-
strates and showed that the narrow TM | waveguide resonance
is governed mainly by the grating period and the out-of-plane
refractive index, while substrate thickness and in-plane refrac-
tive indices have little influence on its spectral position in elec-
tromagnetically thick substrates. Although this study was de-
veloped for refractive-index characterization rather than pho-
todetection, it demonstrates that grating resonances coupled to
anisotropic 3-Ga, O3 can selectively probe specific components
of the dielectric tensor. Thus, intrinsic dielectric anisotropy
and structure-induced electromagnetic resonances should not
always be treated as independent contributions. Overall, struc-
tural engineering can preserve, reshape, amplify, or even cre-
ate polarization selectivity, but the operative structural con-
tribution must be distinguished from intrinsic crystallographic
anisotropy when interpreting and comparing device-level po-
larization performance.

4. DEVICE-LEVEL PERFORMANCE AND SYSTEM IN-
TEGRATION

Having established the microscopic origins and external modu-
lation of anisotropy, the next question is how effectively these
properties are translated into measurable device performance
and, ultimately, usable polarization information. Device-level
polarization performance cannot be assessed by a single fig-
ure of merit: responsivity and detectivity describe signal sensi-
tivity, polarization ratio quantifies discrimination between po-
larization states, and temporal response determines the usable
bandwidth, while operating bias, illumination conditions, de-
vice geometry, and gain mechanisms strongly affect their com-
parability across studies. This section therefore moves from
single-device benchmarking to interface-assisted self-powered
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operation and finally to polarimetric reconstruction and imag-
ing, with emphasis on the trade-offs and information-transfer
capability rather than on record values alone.

4.1. Performance Metrics, Benchmarking, and Trade-offs

Meaningful benchmarking of /3-Ga, 03 polarization-sensitive
photodetectors requires consideration of multiple performance
dimensions rather than any single record value. Responsiv-
ity and detectivity describe signal sensitivity, polarization ra-
tio quantifies discrimination between polarization states, and
temporal response determines how rapidly polarization infor-
mation can be read out. However, these metrics are not inde-
pendent and are strongly influenced by operating bias, illumi-
nation conditions, device geometry, carrier-gain mechanisms,
and noise assumptions. Consequently, a device exhibiting an
exceptionally high polarization ratio or responsivity does not
necessarily provide the best overall polarization-detection per-
formance. To establish a consistent basis for the cross-study
comparison that follows, the principal device figures of merit
and the definitions adopted in this review are first summarized
below.

Accordingly, the principal figures of merit considered in this
review include Responsivity (R), Detectivity (D*), Polariza-
tion ratio (PR), and response speed. Their definitions and cor-
responding formulas are summarized as follows:

Responsivity (R): Defined as the ratio of the output pho-
tocurrent (0 ) to the incident optical power (P, ), character-
izing the efficiency of the device in converting optical signals
into electrical signals, expressed in A/W [76-78]:

1 hoto
R = et
Pinc

2

External Quantum Efficiency (EQE): Defined as the ratio of
the number of photogenerated carriers collected per unit time to
the number of incident photons, reflecting the photon utilization
efficiency of the device [79-81]:

Rh
EQE = 2% % 100%
qA

A3)
where ¢ is the elementary charge, h is Planck’s constant, c is
the speed of light, and A is the wavelength of the incident light.

Detectivity (D*): The normalized detectivity quantifies the
ability of a detector to resolve weak signals from noise, with
units of Jones (cm-Hz!/? - W~'). When dark current shot noise
is the dominant noise source, D* can be simplified as [82—84]:

D* = L\/g 4)
\% 2q[dark

where S is the effective device area and I, is the dark current.

Polarization Ratio (PR): Defined as the ratio of the I, (Or
R) under orthogonal polarization directions, used to quantify
the polarization sensitivity of the device [85-87]:

Imax

PR = ®)

I min
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TABLE 3. Representative device-level performance metrics of 3-Ga,Os polarization-sensitive photodetectors with different material forms, device
structures, and crystallographic orientations. (All measurements listed in Table 3 were performed at 254 nm; the only exception is the 2D flake

device [99], which was characterized at 265 nm.)

Material morphology Crystallographic plane ~ Polarization ratio (PR) R (A/W)  D* (Jones)  7,/7q (ms) Bias(V) Ref.
Single crystal (bulk) (100) ~1.8 - - - - [95]
Single crystal (bulk) (010) 1.2 1.1 3.08 x 102 ~2/2 0 [91]
Single crystal (bulk) (001) 5.8 - - - 0 [91]
Nanoribbon (100) > 3000 (max 5276) 10.25 - - 10 [90]
Nanobelt along [202] 49 335 - - 17 [72]
Nanograting 201) 5.7 174.8 1.7 x 10" 0.52/0.62 - [71]
Microwire (100) 137 - - -/90 - [96]
Thin film (201) 6.02 - - 20/1210 - [35]

Thin film (201) 1.63 - - - - [97]

Thin film (102) ~l1.1 1144  4.55 x 105 107.3/99.4 5 [98]

2D flake (100) ~2.8 - - 0.1/0.078 2 [99]
Nanobelt + metal grating along [202] 49 - - - - [74]

where I ;¢ and Iy, are the maximum and minimum photocur-
rent values in a polarization angle scan, respectively. Some
studies also adopt the polarization extinction ratio (E'R
1010g; o (Lmax/Imin)) or the normalized photocurrent difference
ratio (0 = (Imax — Imin)/(Zmax + Imin)) as alternative figures
of merit. Throughout this review, “polarization ratio” refers to
T nax/ Imin unless otherwise noted. The term “dichroic ratio” is
reserved for absorption coefficient anisotropy, distinguishing it
from photocurrent-based metrics.

Response Time (7, and 74): Defined as the time required
for the photocurrent to rise from 10% to 90% of its steady-
state value (rise time, 7,-) and to decay from 90% to 10% of
its steady-state value (decay time, 74), reflecting the response
speed of the device [88, 89].

Representative 3-Ga, 05 polarization photodetectors occupy
markedly different performance regimes rather than following a
single trajectory toward simultaneously higher values of all fig-
ures of merit. At the high-contrast end, Zhao et al. [90] reported
CVD-grown (-Ga,O3 nanoribbon detectors with PR > 3000
over most tested biases and a peak value of 5276 at 10 V un-
der 254 nm illumination (5mWcm~2), together with a respon-
sivity of 10.25 A/W. However, approximately 1 min of illumi-
nation was allowed for the detector to establish its response
along each polarization direction, indicating that this exception-
ally large PR primarily characterizes steady-state polarization
discrimination rather than high-speed readout. Mechanically
exfoliated 3-Ga, O3 microwires provide another high-contrast
regime, reaching a PR of 137 at 254 nm while showing good
device reproducibility [96]. By contrast, ultrathin 2D 5-Ga,0;
flakes exhibit a more modest PR of approximately 2.8, but
achieve much faster rise/decay times of 100/78 us and stable
polarization-dependent response over repeated switching cy-
cles [99]. These results illustrate that maximizing polarization
contrast and maximizing temporal response are distinct device-
design objectives, and that a lower PR does not necessarily im-
ply inferior functionality when rapid polarization readout is re-
quired.
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A similar decoupling is evident among sensitivity, spectral
selectivity, and polarization discrimination. Nanograting en-
gineering can substantially enhance electrical sensitivity, as
the optimized (-Ga,0; nanograting detector reaches R
174.8 A/W and D* = 1.7 x 10" Jones while providing a PR of
5.7 [71]. Conversely, the (102)-oriented 3-Ga, O3 thin-film de-
tector reported by Gu etal. [98] achieves R = 114.4 A/W and a
reported D* = 4.55x 10" Jones at 5 V, but its polarization ratio
is only approximately 1.1, demonstrating that high photosensi-
tivity does not necessarily translate into strong polarization dis-
crimination. Chen etal. [93] targeted yet another performance
dimension by exploiting the polarization-dependent absorption
edge of (100) 5-Ga, 03 together with an orthogonally aligned
crystal filter, achieving narrow-band detection centered near
262 nm with a bandwidth of approximately 10 nm, a UVC/UVA
rejection ratio above 800, and a total response time of 0.86 ms.
Dong etal. [94] used a back-illumination architecture to avoid
electrode shadowing and obtained a fast general UV transient
response of 24 ns/1.24 ms, while polarization sensitivity was
demonstrated separately. Collectively, these studies show that
PR, responsivity, detectivity, spectral selectivity, and response
speed should be regarded as complementary rather than inter-
changeable performance dimensions. Table 3 therefore serves
as a multidimensional benchmark rather than a ranking based
on any single record value.

Taken together, Table 3 shows that no single device archi-
tecture simultaneously maximizes polarization contrast, pho-
tosensitivity, response speed, and low-bias operation. De-
vice optimization should therefore target a performance balance
matched to the intended polarization-information task rather
than a record value in any individual metric.

4.2. Interface Engineering for Self-powered Polarization De-
tection

For polarization-sensitive $-Ga,O3; photodetectors, interface
engineering is important not because a heterojunction necessar-
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license.

ily creates polarization selectivity, but because interfacial ener-
getics and built-in electric fields determine how polarization-
dependent photocarriers are separated and collected without an
external bias. In this review, self-powered operation refers to
a reproducible photoresponse at zero applied bias driven by an
internal electric field. The relevant interface therefore needs
to be evaluated from two coupled perspectives: its ability to
suppress recombination and facilitate carrier extraction, and its
influence on the preservation or modification of the intrinsic
anisotropic photoresponse of 3-Ga,0;. Accordingly, this sub-
section focuses primarily on interfaces that directly enable or
clarify self-powered polarization detection, while broader 3-
Ga, 03 heterojunction studies are considered only when they
provide transferable insight into interface quality, band align-
ment, or carrier-separation mechanisms.

A zero-bias photoresponse alone is not sufficient to estab-
lish genuine photovoltaic self-powered operation. Its physical
origin should be distinguished from asymmetric photoconduc-
tion, persistent photoconductivity, pyroelectric contributions,
and contact-related artifacts by examining the spatial origin, po-
larity, and reproducibility of the zero-bias signal. Depending
on the device architecture, complementary measurements such
as photocurrent mapping, capacitance-voltage or capacitance-
frequency analysis, and spectroscopic determination of work
functions or band offsets can provide evidence for the deple-
tion region, interface states, and interfacial energetics underly-
ing the proposed built-in field. Accordingly, band-alignment
diagrams in this review are treated as mechanistic models that
require experimental support rather than as independent proof
of the charge-transfer direction.
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An important prerequisite for interface-assisted polarization
detection is that the heterointerface itself can depend strongly
on 3-Ga,03 crystal orientation. Mudiyanselage etal. [100]
compared NiO/5-Ga,O; pn heterojunctions formed on
(201), (001), and (010) substrates and observed pronounced
orientation-dependent electrical behavior. Capacitance-
frequency analysis yielded interface trap densities of 4.3 x 10'°,
7.4 x 10", and 1.6 x 10'"eV~tecm~2 for the (201), (001),
and (010) interfaces, respectively. These results demonstrate a
clear crystallographic-orientation dependence of the interfacial
electronic properties. However, the higher interface trap den-
sity of the (010) junction should not be attributed directly to its
lower surface dangling-bond density, because surface dangling
bonds and electrically active interface traps are physically
distinct quantities and the reported data do not establish a
simple monotonic relationship between them. The microscopic
origin of the orientation dependence should therefore be in-
terpreted more cautiously as involving the overall surface and
interface configuration rather than a single surface parameter.
These results show that crystal orientation affects not only the
intrinsic anisotropic properties of 5-Ga, O3 but also the quality
and carrier dynamics of a subsequently formed heterointerface.
Ref. [100], however, addresses the anisotropic electrical
properties of the junction rather than polarization-resolved
photodetection, and its relevance here is therefore mechanistic
rather than evidence of direct polarization enhancement.

Direct self-powered polarization detection can be realized
through asymmetric Schottky contacts without introducing a
semiconductor pn heterojunction. Long etal. [91] fabricated
(8-Ga, 03 Schottky photodiodes using Ti/Au and Pt/Ti/Au con-
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tacts, with the former forming an Ohmic contact and the latter
providing the Schottky barrier. Photocurrent mapping at zero
bias localized the photoresponse near the Pt Schottky junction,
supporting the built-in-field origin of the photovoltaic response.
The device performance was strongly orientation dependent:
the (010) photodiode exhibited a responsivity of 1.1 A/W and
a detectivity of 3.08 x 10'? Jones at zero bias, whereas the po-
larization ratio increased from approximately 1.2 for the (010)
orientation to 5.8 for the (001) orientation. This comparison
shows that the Schottky junction provides the zero-bias carrier-
collection mechanism, while the magnitude of polarization dis-
crimination remains governed primarily by the crystallographic
orientation of 5-Ga,03. Interface engineering can further im-
prove this conversion from anisotropic photogeneration to zero-
bias electrical readout. Li etal. [92] replaced a conventional
metal contact with a Ti;C,Ty/3-Ga,O3 van der Waals Schot-
tky interface (Fig. 8). The vdW contact exhibited an interface-
state density approximately one order of magnitude lower than
that of a conventional Ni/3-Ga, 03 contact and a Fermi-level-
pinning factor of S =~ 0.995, approaching the Schottky-Mott
limit. The resulting device showed a self-powered responsiv-
ity of 125.1 mA/W, rise/decay times of 0.27/0.29 ms, and a po-
larization ratio of 7.1 at zero bias. These results indicate that
reducing interfacial trapping and Fermi-level pinning can im-
prove carrier extraction while retaining the intrinsic polariza-
tion selectivity of 3-Ga,0Oj3; importantly, the vdW interface
enhances the electrical readout of anisotropic photogeneration
rather than constituting the primary microscopic origin of the
polarization dependence.

A p-n heterointerface provides an alternative route to self-
powered polarization readout, but its influence on polarization
contrast need not be uniformly beneficial. Chen etal. [115]
constructed a 3-Ga,O3/PEDOT:PSS heterojunction using me-
chanically exfoliated 5-Ga, O3 microwires. The resulting type-
II band alignment produces interfacial band bending and a
built-in electric field that separates photogenerated electrons
and holes at zero bias, while PEDOT:PSS additionally serves
as a hole-transport layer. The heterojunction retained a clear
polarization-dependent response under self-powered operation,
with PR ~ 5 and good device-to-device reproducibility, com-
pared with a PR of 136 for the corresponding bare 3-Ga;0;
microwire detector. This substantial reduction in polarization
contrast is instructive: the heterointerface enables zero-bias
carrier extraction but does not amplify the intrinsic anisotropy
of 3-Ga,03. Rather, it preserves sufficient polarization infor-
mation for self-powered readout, as further demonstrated by
polarization-dependent ultraviolet image transmission. Thus,
interface engineering should be evaluated not only by its abil-
ity to increase carrier-separation efficiency, but also by how
much of the original polarization contrast survives the addi-
tional transport and recombination processes introduced at the
heterointerface.

Beyond the polarization-sensitive devices discussed above,
broader [-Ga,0; heterojunction studies provide useful
mechanistic guidance for interface design. For example,
p-GaSe/n-Ga,O3 van der Waals heterojunctions employ
type-II band alignment to facilitate photocarrier separation
across a lattice-mismatch-tolerant interface [112], whereas
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MoS,/3-Ga,05; vdW heterostructures demonstrate that band
alignment, electrode-interface barriers, and grain-boundary
carrier populations can simultaneously influence responsivity,
response speed, and dark current [113]. Organicinorganic
integration offers another route: the C8-BTBT/8-Ga,0;
coreshell heterojunction combines type-II carrier separation
with oxygen-vacancy control, where post-annealing sup-
presses defect-related dark current and improves weak-light
detection [114]. These studies illustrate transferable strategies
for controlling carrier separation, interfacial recombination,
and defect-mediated transport. =~ However, they primarily
address general solar-blind ultraviolet photodetection rather
than polarization-resolved operation. Therefore, they do
not yet establish whether the engineered interfaces preserve,
amplify, or partially obscure the intrinsic anisotropic response
of [3-Ga,O; when incorporated into polarization-sensitive
devices.

Surface chemistry and environmental stability are also im-
portant considerations for layered Ga-based chalcogenides be-
cause the chemically and electronically active interface may
evolve substantially from its pristine state during processing
or ambient exposure. Gutiérrez etal. [120] systematically
compared nanometer-thick GaS, GaSe, and GaTe and found
a progressive decrease in air stability from GaS to GaSe to
GaTe; GaSe oxidation could be effectively suppressed by hy-
drogen passivation. Controlled oxidation can also be inten-
tionally exploited for interface engineering. Cottam etal. [121]
demonstrated that thermal oxidation of epitaxial GaSe proceeds
through an intermediate Ga,Se; phase and amorphous Ga,0;
before the formation of crystalline 5-Ga;03, illustrating how
oxygen exposure can fundamentally alter the surface compo-
sition and resulting interfacial properties. Similarly, AIMu-
tairi etal. [122] used O;-plasma treatment to form an approx-
imately 4 nm amorphous GaS,Oy layer on GaS while largely
preserving the underlying GaS lattice, thereby creating a con-
trolled oxide/semiconductor heterostructure. These studies in-
dicate that Ga-chalcogenide-based interfaces should be evalu-
ated in terms of their actual chemically evolved interfaces rather
than pristine-material band structures alone, because oxidation
and passivation may influence band alignment, interface states,
carrier separation, and long-term stability.

A comprehensive treatment of Ga,O; heterojunction
materials, fabrication routes, and general deep-ultraviolet
photodetection performance is beyond the scope of this
polarization-focused review and has been provided in re-
cent dedicated reviews [118, 119]. Together with the layered
Ga-based chalcogenide studies discussed above [116, 117, 120—
122], these works show that heterojunction performance can
depend jointly on interface quality, built-in-field carrier
separation, defect control, surface chemistry, environmental
stability, device geometry, and fabrication compatibility.

4.3. Polarimetric Reconstruction and Imaging Systems

Translating polarization-sensitive photocurrent into imaging re-
quires more than a large device-level polarization ratio. A
single anisotropic detector can distinguish selected polariza-
tion states, but quantitative polarimetry requires multiple in-
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a 150 x 150-pixel scanned image with improved structural contrast under scattering conditions [99]. Copyright 2024, AIP Publishing.

dependent response channels from which the incident polar-
ization state can be reconstructed without ambiguity. For lin-
early polarized light, this generally involves resolving the first
three Stokes parameters (Sp, S1 and S ), from which quantities
such as the degree of linear polarization (DoLP) and polariza-
tion angle can be obtained. Existing 5-Ga,0; imaging demon-
strations span different levels of information retrieval, ranging
from polarization-dependent intensity contrast to quantitative
polarization reconstruction. The following discussion therefore
distinguishes polarization-contrast imaging from polarimetric
imaging in which polarization information is explicitly recon-
structed from multiple detector responses.

At the level of polarization-contrast imaging, detector
arrays can spatially map polarization-dependent intensity with-
out explicitly reconstructing the incident polarization state.
Gu etal. [98] fabricated a 25-pixel ultraviolet photodetector ar-
ray based on anisotropic (102)-oriented 3-Ga, O3 films grown
on MgO (110). Under 254 nm illumination, the (102) device
exhibited a characteristic two-lobed polarization-dependent
photocurrent with PR ~ 1.1, whereas the (21)-oriented coun-
terpart showed an approximately polarization-independent
response. For imaging, a metallic mask patterned with the
letter “N” was placed between the polarization-control optics
and the detector array, and the spatial photocurrent distribution
was recorded under 0° and 90° polarized illumination. The re-
sulting 25-pixel maps exhibited distinguishable image contrast
between the two polarization states. This experiment demon-
strates array-level spatial readout of polarization-dependent
intensity; however, because it compares predefined polariza-
tion states rather than reconstructing an unknown polarization
state, it should be regarded as polarization-contrast imaging
rather than quantitative polarimetric imaging.

A more complete information-reconstruction scheme was
demonstrated by Zhong etal. [99] using ultrathin single-
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crystalline 3-Ga,0; flakes prepared by liquid-metal-assisted
exfoliation. The exfoliated flakes were approximately 6 nm
thick with lateral dimensions exceeding 5 mm, and the cor-
responding photodetectors exhibited a polarization ratio of
approximately 2.8 and rise/decay times of 100/78 us under
265 nm illumination. Rather than relying on the output of a
single anisotropic detector, the authors constructed a three-
channel vertically stacked polarimeter. Channel I consists
of an optically isotropic amorphous Ga,0O; detector whose
photocurrent varies approximately linearly with incident
power, and is therefore calibrated as I; = aP + b, where P is
the incident optical power density and a and b are calibration
coefficients. Channels II and IIT consist of two anisotropic
2D [-Ga,05 flakes stacked with a relative rotation of 45°.
Their polarization-dependent photocurrents can be represented
by sinusoidal calibration functions with a 45° phase offset,
I][(Q) =A- sin2(0 + @[1), 1111(9) =A- sin2(9 + 45° + @1]1),
where 6 is the incident linear-polarization angle and the
coefficients are determined experimentally. Because a single
sinusoidal channel can correspond to two different polarization
angles within a 180° period, simultaneous measurement
of Ij; and Ij; removes this ambiguity. At a fixed incident
power, the paired channel outputs are further calibrated by
an elliptical relation, (aly + b)* + (cIy + dIy + €)* = 1,
allowing the measured (I, Ij;) pair to be mapped uniquely
to the polarization angle. Channel I therefore determines the
incident power, whereas Channels II and III jointly determine
the polarization direction, enabling simultaneous electrical
readout of these two optical parameters without mechanically
rotating the detector or polarization optics.

The subsequent polarization-imaging experiment employs a
related but distinct four-channel acquisition scheme. Four 2D
3-Ga, 03 detectors with the same nominal thickness and size
are twistedly stacked to sample photocurrents corresponding
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to 0°, 45°, 90°, and 135° polarization orientations. The first
three Stokes parameters are then obtained from .S = Iyo + Iggo,
S1 = Ipo — Iggo, So = I450 — I1350 and the degree of linear
polarization is calculated as DoLP = +/(S? + 53)2/S,. For
the imaging demonstration, a patterned school-badge mask and
a scattering medium were placed in the optical path, and the
mask platform was scanned pixel by pixel with a step size of
0.067 mm. At each sampling position, the four polarization-
dependent photocurrents were collected in one step and con-
verted into DoLP, producing a reconstructed 150 x 150-pixel
polarization image. Compared with direct photocurrent imag-
ing from a single 3-Ga, 03 detector, the DoLP-based image ex-
hibited clearer structural details under the scattering condition
(Fig. 9).

These demonstrations illustrate a clear progression from
polarization-dependent intensity mapping to quantitative
polarization-information reconstruction, but they also reveal
the remaining gap between proof-of-concept imaging and an
integrated polarimetric imaging system. The 25-pixel array in
Ref. [98] distinguishes predefined polarization states through
spatial photocurrent contrast but does not reconstruct an
unknown polarization state, whereas the scheme in Ref. [99]
resolves incident intensity and linear-polarization information
through multi-channel calibration and Stokes-parameter
analysis. However, the latter remains a scanning single-pixel
imaging architecture rather than a monolithic focal-plane array,
and its four polarization channels require closely matched
detector responses; in the reported demonstration, incident
power and bias were adjusted to obtain comparable photocur-
rent levels and anisotropy ratios among the detectors [99]. For

49

practical imaging, additional system-level metrics — including
polarization-angle resolution, Stokes-parameter reconstruction
error, channel-to-channel or pixel-to-pixel uniformity, cali-
bration stability, repeatability, and long-term environmental
stability — therefore require systematic evaluation. The central
challenge for $-Ga,0; polarization imaging is consequently
shifting from demonstrating anisotropic photocurrent toward
reproducibly mapping that anisotropy into spatially resolved
and quantitatively calibrated polarization information.

5. APPLICATION DEMONSTRATIONS AND SYSTEM-
LEVEL ASSESSMENT

Having established how the intrinsic anisotropy of §-Ga,0;
can be modulated and translated into electrical signals, the next
question is what additional functionality this polarization in-
formation enables at the application level. Existing demonstra-
tions exploit polarization in fundamentally different roles: as
an additional encoding dimension in optical communication, as
an optical state variable for neuromorphic processing, as part of
the challenge space in physical unclonable functions, and as a
detector-side readout dimension in wavelength-assisted molec-
ular sensing. These applications therefore cannot be assessed
using a common device figure of merit alone. Instead, their sig-
nificance depends on how polarization information is encoded,
processed, or reconstructed and on whether application-specific
requirements such as accuracy, crosstalk, bandwidth, calibra-
tion, repeatability, and long-term stability are satisfied. This
section examines representative demonstrations from these four
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directions while distinguishing proof-of-concept functionality
from system-level readiness.

5.1. Polarization-encrypted Optical Communication

Solar-blind ultraviolet communication benefits from the low
natural background in the 200-280 nm spectral window, while
conventional links commonly encode information through op-
tical intensity or related temporal modulation schemes [101—
103]. Introducing polarization provides an additional optical
degree of freedom that can be mapped onto distinguishable pho-
tocurrent levels or used as a polarization-dependent decoding
condition. For 3-Ga, 03, this functionality is particularly rele-
vant because its intrinsic anisotropic photoresponse enables po-
larization discrimination without requiring the detector itself to
be preceded by a polarization analyzer. Representative demon-
strations have therefore explored multilevel and multimode en-
coding [90], polarization-dependent binary decoding [35], and
electronically assisted polarization authentication [104]. The
central system-level question, however, is not simply whether
different polarization states can generate distinguishable sig-
nals, but whether those states remain reliably separable under
realistic constraints of noise, bandwidth, polarization misalign-
ment, and channel variability.

Zhao etal. [90] demonstrated how a large polarization con-
trast can be converted into a multilevel communication alphabet
using CVD-grown [3-Ga, O3 nanoribbon photodetectors. Three
light pulses with identical intensity but different polarization
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angles (6, 02, and 03) were assigned to three optical states at
the transmitter. Owing to the strongly polarization-dependent
photocurrent of the 5-Ga,O3 detector, these states were con-
verted into three distinguishable electrical levels and subse-
quently digitized as 0, 1, and 2. In this ternary scheme, en-
coding one character requires five digital symbols instead of
eight in a conventional binary representation, corresponding to
a 37.5% reduction in the number of symbols and a nominal
1.6-fold increase in information capacity. Simulations incorpo-
rating depolarization, angular misalignment, and photoelectric
noise further showed that a detector with PR > 10° can main-
tain a decoding accuracy above 99% under the assumed error
model. The same three-state alphabet was further used for mul-
timode communication (Fig. 10). By selecting different pairs
from the three digital states, three binary decoding modes can
be defined, allowing an identical transmitted sequence to yield
different decoded messages depending on the mode shared by
the transmitter and receiver. A separate signal-sharing strategy
was also proposed in which adjacent characters share selected
digital states; for a large simulated character set, this reduced
the required number of transmitted symbols to approximately
77% of that of conventional binary coding, corresponding to
an approximately 1.3-fold increase in channel capacity. These
two gains should be distinguished: the 1.6-fold value originates
from ternary encoding itself, whereas the 1.3-fold value refers
to the specific multimode signal-sharing implementation. More
importantly, neither value represents a directly measured in-
crease in modulation bandwidth or data rate.
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A simpler binary implementation was demonstrated by
Wu etal. [35] using highly anisotropic (3-Ga,O3 thin-film
photodetectors grown on r-plane sapphire. The device ex-
hibited a polarization ratio of 6.02 at 254 nm, allowing two
polarization-dependent photocurrent levels to be assigned
to binary states “1” and “0”. Based on this discrimination,
the authors demonstrated transmission of the ASCII-encoded
message “ZSTU” using both non-return-to-zero (NRZ) and
Manchester encoding Fig. 11). In the latter scheme, level
transitions provide clock synchronization and improve ro-
bustness against low-frequency fluctuations compared with
simple NRZ encoding. The detector output was interfaced
with a dedicated signal-processing circuit and transmitted to
a computer through a serial connection. This demonstration
shows that the intrinsic polarization response of 5-Ga, O3 can
function as an additional electrical decoding variable within a
conventional binary communication architecture rather than
requiring multilevel polarization encoding.

Ni etal. [104] subsequently introduced an electronically as-
sisted polarization-authentication scheme by integrating an off-
axis-sapphire $-Ga, 03 detector with FPGA-based signal con-
trol. The transmitter combined OOK with polarization-angle
encoding, whereas the receiver evaluated the angle-dependent
photocurrent against predefined thresholds. For each transmit-
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ted bit, 80 photocurrent samples were acquired, and a high-
level signal was authenticated only when at least 50 samples
fell within the prescribed range. Using the ASCII-encoded
message “ZSTU”, correct recovery was demonstrated when the
transmitter and receiver employed the matched polarization se-
quence (0°, 30°, 60°, and 90°), whereas changing the sequence
to 0°, 90°, 60°, and 30° produced erroneous decoding. This
approach therefore uses polarization not only as a signal state
but also as an additional authentication condition. However,
the demonstrated link remained far from high-speed operation:
the reported transmission time was approximately 12 s per bi-
nary bit and 96 s per English character. Thus, the contribution
of'the FPGA-based architecture lies primarily in programmable
encoding and threshold authentication rather than in a demon-
strated increase in communication bandwidth.

Beyond polarization-encoded links, Dong et al. [94] demon-
strated that a fully transparent back-illuminated 3-Ga,0; de-
tector can also support non-line-of-sight (NLOS) solar-blind
UV communication through a scattering channel. In this ex-
periment, information was encoded through LED on/off mod-
ulation rather than polarization states, and the received. It sig-
nals reproduced the transmitted ASCII patterns in the presence
of an optical obstruction. The demonstrated signaling rate re-
mained on the second timescale and was explicitly presented as
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a proof of concept. Thus, Ref. [94] is relevant here primarily
because it extends 3-Ga, O3 communication toward non-line-
of-sight channel conditions, rather than because it demonstrates
polarization encryption.

Taken together, these studies demonstrate the feasibility of
using [3-Ga, 03 polarization sensitivity for multilevel encod-
ing, binary decoding, and polarization-assisted authentication,
but they remain proof-of-concept communication demonstra-
tions. The > 99% accuracy in Ref. [90] was simulation-based
rather than obtained from measured BER, while the links in
Refs. [94, 104] operated on the second timescale. Thus, high
PR and successful message recovery should not be equated with
communication-grade performance. Future work should quan-
tify BER, polarization crosstalk, modulation bandwidth, angu-
lar tolerance, and calibration stability under realistic channel
conditions.

5.2. Neuromorphic Vision Systems

Polarization-sensitive optoelectronic synapses combine optical
sensing with memory and preprocessing functions, allowing
polarization information to be processed directly at the device
level. 3-Ga,0j is particularly suitable for this concept because
its intrinsic optical anisotropy provides polarization discrimi-
nation, while oxygen-vacancy-related persistent photoconduc-
tivity (PPC) can supply the memory effect required for synap-
tic plasticity [105]. Wang etal. [106] demonstrated such a
synapse using a (100)-oriented 5-Ga,O; single crystal. Un-

der 254 nm excitation, the device exhibited excitatory postsy-
naptic current (EPSC), paired-pulse facilitation, and short- to
long-term plasticity, with the persistent response attributed to
trapping and release of photocarriers associated with oxygen-
vacancy-related states. Notably, the EPSC under 0° polarized
excitation was approximately 1.6 times that under 90° excita-
tion, enabling polarization-dependent synaptic weighting.

The measured synaptic states were further incorporated into
a backpropagation neural network for MNIST handwritten-
digit recognition (Fig. 12). After training, recognition ac-
curacies of 96.88%, 96.90%, and 96.58% were obtained un-
der unpolarized, 0°, and 90° polarized conditions, respec-
tively; the accuracy remained above 90% even when 60% noise
was introduced. These results demonstrate that polarization-
dependent synaptic responses can be incorporated into neuro-
morphic image-processing architectures, although the similar
recognition accuracies among the three polarization conditions
also indicate that the quantitative advantage provided specifi-
cally by polarization information remains to be established.

These results demonstrate the feasibility of combining po-
larization sensing with synaptic memory and image processing
in a single 5-Ga,0O; platform. However, the nearly identical
MNIST recognition accuracies obtained under unpolarized, 0°,
and 90° illumination indicate that the specific computational
benefit of polarization information remains to be quantified.
Practical neuromorphic vision will further require improved de-
vice uniformity, lower operating power, faster processing, and
stable integration with array-level readout circuits.
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5.3. Polarization-encoded Physical Unclonable Functions

Physical unclonable functions (PUFs) exploit random phys-
ical variations to generate device-specific authentication
responses. Zhang etal. [107] developed a concealable PUF
by randomly distributing 5-Ga,O3; microbelts on a flexible
Polydimethylsiloxane (PDMS) substrate and using their
polarization-dependent Raman response as the readout signal.
Owing to the monoclinic anisotropy of 5-Ga,03, the Raman
intensity exhibits a periodic dependence on excitation polar-
ization, with the maximum response correlated with the Ga-Ga
chain orientation. Raman mappings were converted into
binary keys through median-threshold binarization. Across 20
PUF labels, the mean inter-device and intra-device Hamming
distances were 0.496 and 0.051, respectively, indicating good
uniqueness and repeatability (Fig. 13). More importantly, ro-
tating the excitation polarization by 30° reduced the similarity
of the response from the same PUF to approximately 68%,
making polarization a hidden challenge parameter rather than
merely a readout variable.

The polarization-dependent PUF provides an additional hid-
den challenge dimension, but its practical implementation re-
mains constrained by Raman-based readout. Precise polariza-
tion calibration, spectral instrumentation, and raster mapping
increase system complexity and limit authentication through-
put. In addition, the incomplete NIST performance of the full
key indicates that key-generation robustness requires further
improvement before large-scale deployment.

5.4. Wavelength-polarization-assisted Amino Acid Sensing

Zhang et al. [36] demonstrated that the polarization response of
(£-Ga, 05 can vary strongly with detection wavelength because
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different valence-band transitions obey different polarization
selection rules. DFT calculations indicate that E//c primar-
ily drives the vy; — ¢ transition with a cutoff near 257 nm,
whereas F//b mainly excites vps/vpg — cp1 transitions with a
cutoff near 230 nm. Consistently, the 3-Ga, O3 microbelt detec-
tor exhibited photoresponse maxima near 236 nm for E//b and
258 nm for E//c. The dominant polarization direction therefore
reverses near 245 nm; using the source-defined directional re-
sponsivity ratio Rgy./Rgm, the ratio changes from 1/388 at
231 nm to 462 at 263 nm.

This wavelength-dependent anisotropic response was subse-
quently used for amino-acid sensing. Aqueous phenylalanine
and tyrosine solutions were introduced into the optical path as
spectrally selective filters. Because phenylalanine and tyrosine
exhibit different deep-UV transmittance at 236 and 258 nm,
they preferentially attenuate different response bands of the
(-Ga, 03 detector, producing distinguishable concentration-
dependent electrical responses (Fig. 14). Importantly, the
amino-acid solutions are optically isotropic: the sensing con-
trast originates from their wavelength-dependent absorption
rather than polarization-selective absorption. Polarization sen-
sitivity is supplied by the 3-Ga,0Os3 detector and provides a
detector-side readout dimension for the spectrally filtered sig-
nal.

Accordingly, this demonstration is more appropriately
regarded as wavelength-selective absorption sensing assisted
by a polarization-sensitive detector rather than polarization-
selective sensing of the amino acids themselves. Although
phenylalanine and tyrosine were distinguished in controlled
solutions, the additional information provided beyond conven-
tional dual-wavelength UV absorption, as well as specificity,
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detection limits, and interference tolerance in mixed or
biological samples, remains to be established.

6. SUMMARY AND PROSPECTS

6.1. Summary

This review has examined [3-Ga,0; polarization-sensitive
photodetection around a central question: how the intrinsic
anisotropy of a low-symmetry ultrawide-bandgap semicon-
ductor can be translated into reliable electrical polarization
information. At the materials level, the monoclinic crys-
tal structure produces strongly direction-dependent optical
absorption, dielectric response, and excitonic transitions,
whereas carrier-transport anisotropy depends more strongly
on carrier population and measurement conditions and is
generally less pronounced under equilibrium conditions.
These microscopic contributions should therefore not be
treated as equivalent origins of device polarization sensitivity.
External modulation through substrate orientation, strain, dop-
ing/alloying, and structural engineering can preserve, reshape,
or amplify the intrinsic anisotropy, while artificial gratings
can additionally introduce extrinsic polarization selectivity
through electromagnetic boundary conditions. The key design
problem is consequently not simply to maximize anisotropy,
but to identify which physical mechanism dominates the
measured polarization response and how efficiently it survives
subsequent carrier transport and device readout.

At the device and system levels, 5-Ga,O3 photodetectors
now span high-contrast photoconductive devices, self-powered
Schottky and heterojunction architectures, polarization-
contrast arrays, and quantitative linear-polarimetric recon-
struction. These advances also reveal clear trade-offs: high
polarization ratio does not necessarily coincide with high
speed, low bias, high responsivity, or accurate polarization
reconstruction, while interface engineering may improve
carrier extraction without necessarily enhancing — and in
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some cases while reducing — the original polarization con-
trast. Application demonstrations in optical communication,
neuromorphic processing, physical unclonable functions,
and wavelength-assisted molecular sensing further show that
device-level anisotropy alone is insufficient to establish system
readiness. Across these examples, the recurring bottleneck is
the reproducible transfer of microscopic anisotropy through
modulation, interfaces, device architecture, calibration, and
readout into quantitatively usable polarization information.

6.2. Prospects

Despite substantial progress, the central challenge for 8-Ga,0;
polarization optoelectronics is no longer simply to obtain a
larger polarization ratio, but to understand and control how
microscopic anisotropy is transferred into reliable device- and
system-level polarization information. Several unresolved
questions remain across the material, modulation, and integra-
tion scales. As summarized in Fig. 15, these challenges can be
grouped into three interconnected levels: Materials Physics,
Modulation Strategies, and Device Integration & Applications.
Progress at each level will require moving from empirical
performance optimization toward quantitative relationships
between physical mechanism, polarization response, and
information fidelity.

At the Materials Physics level, a key unresolved question
is which microscopic processes ultimately determine the
magnitude, spectral dispersion, and temporal evolution of
the polarization response. Existing studies have established
anisotropic dielectric response, excitonic absorption, and
direction-dependent carrier dynamics, but the relative contri-
butions of excitonpolariton coupling, free-carrier screening,
electron-phonon interactions, and nonequilibrium carrier
scattering remain insufficiently quantified across different
crystal orientations, doping levels, temperatures, and exci-
tation conditions. Future studies should combine ultrafast
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polarization-resolved spectroscopy, low-temperature measure-
ments, and many-body or first-principles calculations to extract
axis-dependent carrier lifetimes, scattering rates, screening
strengths, and excitonic contributions. The goal should be to
establish a predictive microscopic model that connects these
quantities directly to wavelength-dependent polarization con-
trast and temporal response, rather than treating the measured
PR as an isolated empirical parameter.

At the Modulation Strategies level, the key challenge is to
determine whether different engineering approaches act inde-
pendently, synergistically, or competitively in controlling po-
larization response. Most existing studies examine substrate
orientation, strain, doping/alloying, and micro-/nanostructuring
separately, whereas their coupled effects on band structure, de-
fect states, carrier screening, transport, and optical-field distri-
bution remain poorly understood. Future work should therefore
establish quantitative design rules for multi-parameter modula-
tion, for example by combining strain with carrier-density con-
trol or intrinsic crystallographic anisotropy with nanostructure-
induced field engineering. Importantly, any apparent enhance-
ment should be decomposed into its intrinsic and extrinsic con-
tributions so that increased PR can be attributed to a defined
physical mechanism rather than to an unresolved superposition
of effects. Multi-physics simulations combined with system-
atic high-throughput experiments could provide the parameter
maps needed for such mechanism-guided optimization.

At the Device Integration and Applications level, the princi-
pal challenge is to translate polarization-sensitive devices into
parallel, calibrated, and reliable system architectures. Current
demonstrations remain dominated by discrete detectors, small
arrays, or scanning-based imaging systems, while wafer-scale
polarization-sensitive focal-plane arrays and direct integration
with complementary metaloxidesemiconductor (CMOS) read-
out electronics have yet to be established. Beyond fabrica-
tion compatibility and interface quality, practical systems must
control pixel-to-pixel and channel-to-channel variation, polar-
ization crosstalk, calibration drift, and reconstruction error.
Application-specific metrics — including BER and bandwidth
for communication, recognition robustness and energy con-
sumption for neuromorphic systems, authentication throughput
for PUFs, and specificity and interference tolerance for molecu-
lar sensing — should therefore be evaluated together with con-
ventional device figures of merit. Future development should
combine wafer-level fabrication, on-chip polarization recon-
struction, standardized calibration protocols, and long-term re-
liability testing to convert S-Ga, O3 anisotropy from a device-
level response into reproducible system-level polarization in-
formation.

Overall, the next stage of (3-Ga,03 polarization optoelec-
tronics should move beyond the pursuit of isolated record met-
rics toward controlling the fidelity with which microscopic
anisotropy is transferred into usable polarization information.
Establishing quantitative links among material anisotropy, ex-
ternal modulation, interface-mediated carrier extraction, device
readout, and system-level reconstruction will be essential for
transforming polarization sensitivity from a material property
into a scalable information-processing capability.
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